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Introduction 

Oatannlnailon  ol  tha  mechanical  propartlaa  and  adhaalva  atranglh  of  thin  Him*  In 
microelectronic  davlcas  I*  Important  both  during  fabrication  and  In  avaluation  of  long  farm  davtca 
reliability.  Many  test*  of  thasa  propertlct  are  available  [t-SJ,  but  law  combine  the  advantages  ol  an 
tn-situ  measurement  technique  and  oompatMty  with  standard  Integrated  drcul  process**.  Several 
types  of  mlcmfabrlcatad  stmetufostorthe  measurement  of  the  mechanical  properties  of  polymer  Mms 
have  been  fabricated  In  our  laboratory  [6,7];  the  structure*  dlscuwed  In  this  work  are  suspended 
(free-standing)  square  membranes  of  a  polymer  Mm  supported  on  an  oddtced  sHcon  wafer.  In  this 
papar,  we  report  the  use  of  these  structures  lor  tha  in-stu  measurement  of  adhesion  of  polymer  films. 

Sample  Fabrication 

Suspended  membrane*  are  made  by  first  fabricating  a  square  diaphragm  5  microns  in 
thickness  in  an  oxidised  silicon  wafer  using  photoSthography  and  anisotropic  etching  techniques  [6). 
The  wafer  Is  then  spin-coated  wth  the  polymer  of  Interest  and  the  diaphragm  Is  removed  with  a 
backside  plasma  etch  to  create  a  free-standing  polymer  membrane.  Square  membranes  ol  a 
BTDA-ODA/MPDA  poiytmide  (cast  wthout  adhesion  promoter)  from  1  to  25  miOmeters  (mm)  on  a  side 
and  ranging  from  6  to  15  microns  M  thickness  have  been  fabricated  using  this  technique 

Alternate  structures  which  are  based  on  the  suspended  membranes  are  'island1  structures 
To  fabricate  this  structure,  the  square  sEcon  daphragm  is  defined  so  as  to  leave  a  small  island  of  thick 
silicon  at  the  center.  The  polymer  IB  then  spin-cast  and  cured  as  lor  the  suspended  membranes  Upon 
removal  of  the  silicon  diaphragm,  the  suspended  membrane  is  left  with  a  smalt  silicon  island  adhered 
to  its  center.  This  structure  Is  then  used  as  the  basis  tor  further  adhesion  tests. 

Mechanical  Property  Measurements 

The  residual  stress  and  Young's  modulus  of  the  film  can  be  determined  by  measurement  of 
the  load-deflection  behavior  of  the  membrane  (see  Fig.  1)  [3,7,8].  The  wafer  Is  epoxied  to  a  substrate 
which  seals  the  cavity  under  the  membrane  and  placed  In  a  chuck  which  permits  the  application  ot 
differential  pressure  by  use  of  either  a  pressure  source  or  a  microliter  syringe.  The  differential 
pressure  Is  measured  using  a  sJRcon  pressure  transducer  mounted  in  the  chuck.  The  entire  assembly 
is  placed  on  a  microscope  stage  wth  a  caBbrated  z-axlt  and  the  deflection  d  of  the  Him  at  the  center  of 
the  membrane  Is  measured. 


Pressure  (p) 


Figure  1.  Membrane  parameter* 

A  theoretical  analysis  of  the  load-deflection  behavior  has  been  performed  using  membrane 
mechanics  (the  energy  mlnlmlzalion  approach  of  Timoshenko  [9]),  modified  to  account  for  the 
presence  of  residual  stress  [10].  This  leads  to  the  Mowing  relation: 
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where  p  Is  tha  appled  pressure,  E  is  Young's  modulus,  o0  Is  the  rsskfcal  stress  in  the  wm,  2ais  the 

^  £  me  kZZ'uSZ***  flm  thickness,  and  d  la  t£  def**on  at 

Using  this  approach,  we  have  previously  found  vakies  of  E-3  GPa  and jV3® 1 ’jj** 

[7].  Knowledge  of  both  the  above  equation  and  the  mechanical  property  data  are  necessary  o  he 
study  of  polymer  adhesion  using  these  structures. 
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Adhesion  Measurements  •  Suspended  Mambranes 

The  aispeftdod  membranes  can  bo  used  tor  a  measurement  d  the  work  of  adhesion  y.  ot 
the  polymer  (Dm  loth*  sfleon  dtoxkto  substrate.  By  increasing  the  dKerentlal  pratture  on  tho  test 
site,  iheflmwb  peal  of  the  substrate,  touring  a  Mster.  Computer  efenulaltona  ol  the  Metarvdkime  or 
radbe  aa  a  function  of  critical  prttaura  at  constant  y.  indicala  that  tha  bllttar  praatura-voluma 
characteristic  la  unstable;  once  peat  hat  bean  Mtlafad  at  a  fixed  pressure,  the  bitter  wa  grow  without 
bound.  Trie  phenomenon  haa  bean  obaanrad  experimentaly  In  previous  applications  of  tha  batter 
test  (ft).  Our  experiment  uses  a  contrwed -volume  loading  to  initiate  and  limit  peal.  This  it 
accompanied  by  infecting  pressurizing  fluid  (air)  into  tha  space  under  tha  blitter  using  a  ealbrated 
rriaMUr  syringe.  The  PV  work  necessary  to  peel  (and  stretch)  the  Mater  from  Is  initial  to  final  radius  is 
measured.  The  Infected  fluid  le  then  withdrawn,  and  the  portion  of  the  PV  work  that  went  Into 
stretching  the  Malar  la  measured.  Thle  procedure  is  bustrated  graphically  In  Figure  2;  the  shaded  area 
is  the  average  t,  flmes  the  total  area  peeled. 
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Figure  2.  Adhesion  PV  data.  Sold  elides  •  during  peel; 
open  drdts- attar  peeL 


We  have  atoo  carried  out  a  theoretical  derivation  el  toe  critical  pressure  necessaiy  to  initiate 
peeling  of  thin  rime  of  various  geometries  under  lateral  tearing  (pressure)  and  residual  tensile  stress 
110).  Thtowf  be  useful  as  a  counterpart  to  the  PV  analysis  described  above,  and  is  used  to  calculate  a 
lower  bound  for  y.  should  I  be  Impoastole  to  nucleate  Meters  wOhout  film  failure.  The  approach 
utilizes  a  fracture  energy  balance  and  requires  knowledge  of  the  pre-peel  load-deflection  behavior  of 
the  suspended  membrane.  Prom  an  energy  minimization  analogous  to  the  derivation  of  equation  (i), 
the  load-deflection  behavior  of  films  of  several  geometries  with  residual  tensile  stress  can  all  be 
described  by  the  equation: 

P^kjdPefkjekjJd  (2) 


where  k,.  k*  and  k.  are  functions  of  the  geometry  ol  the  test  site  and  the  type  of  film  (plate  or 
membrane).  For thlnfUme on  MMofy  rigid  substrates,  the  peel  criterion  is: 
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where  A  la  the  generalized  load-point  dbplacement  of  the  b safer  (m  this  case,  busier  volume),  da«A  is 
the  Incremental  dependence  of  blister  size  on  blister  area,  and  c1 .  c2.  and  c*  are 
mechanieal-prepefty-depondent  constants.  Table  l  gives  the  values  ot  the  various  parameters  in 
equations  (2)  and  (3)  lor  three  Meter  geometries:  the  damped  circular  plate,  the  circular  membrane, 
and  the  square  membrane.  By  substitution  ol  the  appropriate  constants  into  equation  (3),  and 
simulaneeus  solution  o(  (3)  wth  the  corresponding  load-deflection  relation  (2),  a  value  for  ya  can  be 
determined  as  a  function  of  the  critical  debond  pressure  pe .  Thus,  experimental  measurement  of  the 
critical  debond  pressure  can  be  related  to  ya  once  tho  mechanical  properties  of  the  fkn  have  been 
accurately  determined. 

Under  certain  condMone,  equation  (3)  reduces  to  special  cases  which  have  been  previously 
reported  In  the  lemurs.  For  example.  In  tho  case  of  a  damped  circular  plate  with  zero  residual  stress 
undergoing  smal  deflections,  (c^  >03-0)  the  peel  criterion  frometaiation  (3)  is: 
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Sent  [12]  haa  atoo  analyzed  IMa  eaaa  aaaumlng  a  aUghity  deferent  toad-deflection  profile  and  ha* 
obtatosd  a  vatuadOdStorlhepramiRtolylng  factor  In  equation  (5). 

For  aquara  laat  akaa  undar  raaldual  airaaa  aweh  aa  Iha  auapandad  mombrana*.  ih*  rotation 
between  y,  and  tie  orttoal  oaraerdedccttondc  al  which  dabond  trttidas  to  given  by: 


Y,  -  3-TOB  <cya)4  ♦  4^4o0t  (de/a)J 


(8) 


Tha  ratoflon  batwaon  y,  and  Pe  can  be  obtained  by  eimuianeoue  eototton  of  aquation*  (i)  and  (6), 
iKWwiQ  (HiinnniiBn  (V  7.  wni  •  mMunnwiv  01  nmr  pc  or  ol  imhb  pw. 

Tha  upper  M  or y.  aMch  can  bo  moaaurad  uatog  tMa  loehniqua  la  tonBod  by  tha  tanstia 
sbengtholdialdm  (this  eltoa  to  common  to  many  standard  adhesion  taste:  ter  example,  the  W  peel 
taol  la  alio  tuple  etrugdi  Mad).  R  amo  dotarmtoad  dial  mambranoa  fabricated  by  tha  ctandaid 
pmooaa  and  aura  achaduto  could  not  ba  paelad;  Urns  alwoya  ruptured  baton  Muon  won  formed. 
For  thoaa  samples,  a  tower  bound  tor  Yawaa  eatoutotad  by  uatop  tha  pnaaun  at  which  tha  (Dm 
ruptured  as  tha  p-vatoo  tor  tha  aquan  mombrana. 

In  ordar  to  oboarva  bdator  nuctaatton,  R  waa  nacaaaanr  to  degrade  tha  adhoaton  d  the 
PI/SO,  Herface.  TNa  waa  dona  by  toanaratog  tha  toil  aRoa  to  MFC  HjO  tor  vaiytng  length*  of  time. 
Tabta  I  ghaa  a  aummaiy  at  the  adhaabn  data  obtatoad  from  the  auqnndad  mambranoa.  sample  i 
waa  not  aub|ected  to  any  dogndadn  pracaaaing  and  feast  baton  bRatar  nuctaatton;  a  tower  bound 
tor  y.  was  eatoutotad  bom  equation  (6)  to  be  MO  Jtor.  Aa  sxpoctod.  adhesive  atmntfh  generally 
dacnaaad  wflh  Incnaaad  lamenton  time  (aamptaa  2-8)  *  though  this  olfact  was  not  invattigatod 
quantitatively.  Upon  drying,  an  Incnaso  In  adhesive  strength  was  observed  (samples  2.3). 
Agreement  between  the  PV  method  and  aquation  (6)  was  observed  to  bo  within  50%  except  tor 
santoto  4,  which  showed  atgntBcam  plastic  datormatton,  tovaBdallng  tha  PV  analysis.  Equation  (6) 
uses  only  one  data  poW  to  oatoulato  y..  whit  the  PV  method  Is  averaged  over  the  entire  wafer  Thi* 
may  aeeounl  tor  dRtonnoea  In  tha  two  approaches.  Furthermore,  equation  (6)  Implicitly  assumes  an 
IncnmontaRy  aymmsbto  pad,  which  Is  net  strictly  comet  tor  the  square  membrane.  However,  as  peel 
of  the  squam  mombrana  eertinuoe,  a  circular  bletor  Is  formed,  asowtng  application  of  the  appropriate 
form  el  aquadon  (3).  Those  dstals  an  presently  under  study. 

Maasuramants  -  wand  Structure* 


The  auapandad  membrane  bitter  tost,  »*  other  pool  tests,  is  limited  by  the  tensile 
strength  ot  the  flm.  One  way  to  overcome  this  problem  a  to  use  thicker  turns  (13).  m  the  blister  test, 
wa  have  addRtonai  flaxMRy.  OtTfennt  geometries  tor  tha  nUentabrtealtd  s*e  an  possbie  which  can 
tacMde  pad  d  thinner  Oms  oven  In  systems  wRh  vary  good  adhaston. 

Equation  (3)  suggests  that  I  a  geonwtry  can  be  found  In  which  da/dA  can  ba  increased, 
larger  vaftwe  at  ya  may  be  moaaurad  at  the  same  toad.  For  simple  bssters,  mb  derivative  is  inversely 
proportional  to  the  membrane  sbe  (Tabla  I).  Oacnaslng  the  membrane  size  Isis  since  the  deflection 
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Table  II.  Adhesion  dan 
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A  wto  mo  aK»MW.  This  problem  Is  overcome  m  toe  wand  structure  shown  m  Figure  3.  where  the 

potymarflbnwN  be  pealed  only  ot  the  eanlar  Wand.  The  deflection  A  la  a  function  o(  the  difference  a2 

•  a,,  where  21J  to  the  charaGtoiWto  aba  (edge  length  or  diameter)  of  the  entire  suspended  membrane, 
while  2a,  la  the  charadaitaNo  aba  el  the  Wand.  However,  the  derivative  dWdAie  proportional  only  to 
i/a,.  Thus.  a  taiga  geonWric  adartaoe  can  be  obtained  by  dacvaaalng  a,  whlo  keeping  a*  -  a,  large. 

Although  die  ortloal  paaaaure  analyab  lor  the  Wand  structures  la  oonaidorabiy  more 
oomploalod  than  lar  tha  abnpb  bHom,  an  appmdmaia  raialion  between  Pq  and  y,  baaad  on  a  circular 
geometry  can  be  develop  ad.  For  a  membrane  whoee  load-deflection  behavior  la  dominated  by 
reaidual  tanale  atraaa  and  which  to  auapended  over  a  circular  annulus  ot  inner  radtoa  a,  and  outer 
radba  a] .  Ya  to  ratotod  to  by; 


RaWr1*^ 

** "  32q>t  *■  hB 


(7) 


where  B  to  daBnedae  the  annular  ndoij/ a,.  ARhough  approximate,  I  la  Instructive  to  examine  the 
Imltlnq  behavior  otebaaion  (7).  As  B  approaches  uctoy.Y,  approaches  taro  (since  no  tame  exposed, 
no  adhealon  can  be  meeaurad  even  at  Nfints  preaaure) ,  while  as  B  approaches  Infinity ,  y,  gets  large 
lor  any  preeaure  pl.  Thue,  I  to  toeoralloaBy  posable  to  maaaure  large  Yt  valuea  at  preeeuras  toss  than 
the  uUntole  tanale  abeea  el  tie  torn  by  maUng  the  oaniar  Wand  aufflctondy  amal. 

Concentric  square  bland  structures  have  bean  fabricated  with  an  outar  aba  (2aj)  otio  mm 
and  Inner  abe  (2a,)  oil  and  2  mm.  SmaBar  a,  valuea  can  be  obtained  by  underetching  the  mm  on  a  i 
mm  bland  unll  only  0.25  mm  or  even  0.125  mm  sactiona  ol  the  flm  remain  adhered  to  the  center 
Wand  (Figure  3b).  Peel  has  been  achieved  using  these  undorstched  structures.  Although 
tMtoWamom  analysis  ol  the  square  Wand  structure  wi  be  required  to  generate  accurate  values  oi  y, 
horn  observed  dsbond  pressures,  order  of  magnBuda  values  dy,  can  be  obtained  from  aquation  (7). 
Pretodnary  experiments  Indtoato  that  such  values  are  in  the  range  of  1000-3000  J/m\  In  fair 
agreement  wSh  vetoes  obtained  hem  appacaltonol  the  peal  test  to  thicker  flma(i3). 
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Figure  3.  Wand  adhesion  structures. 

(a)  dda  view,  (b)  ddi  view  -  undoretchad  dm;  (e)  lop  vtaw 

Conclusions 

Micretabrtcaled  taat  structures  tor  lha  ImIh  measurement  o f  adhesion  oi  thin  film*  hava 
baan  described.  Young's  modulus  and  residual  tensile  strata  art  datarminad  from  pra-paei 
maasuromaM  o I  lha  toad-deflection  bahavtor  of  auapandad  mambranaa.  On  lyslam*  ol  weak 
adhaaton,  a  bSstar  last  using  autpandad  mambranas  has  baan  canted  out.  For  systems  of  good 
adhaston.  an  Island  last  structure  has  baan  davalopad  allowing  avan  thin  turns  to  be  tested 
Machtnlcal  models  tor  al  thraa  stiucturas  are  deserted. 
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